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J Tammam1, C Ware2, C Efferson1, J O’Neil3, S Rao4, X Qu2, J Gorenstein4, M Angagaw5, H Kim4,
C Kenific6, K Kunii1, KJ Leach7, G Nikov7, J Zhao7, X Dai8, J Hardwick9, M Scott1, C Winter4,
L Bristow1, C Elbi4, JF Reilly2, T Look3, G Draetta4, LHT Van der Ploeg1,3,4,6, NE Kohl1, PR Strack4

and PK Majumder1

1Department of Oncology/Pharmacology, Merck Research Laboratories, Boston, MA, USA, 2Department of Pharmacology, Merck
Research Laboratories, Boston, MA, USA, 3Department of Pediatric Oncology, Dana Farber Cancer Institute, Boston, MA, USA,
4Department of Cancer Pathways, Cancer Biology & Therapeutics, Merck Research Laboratories, Boston, MA, USA,
5Department of Laboratory of Animal Research, Merck Research Laboratories, Boston, MA, USA, 6Department of
Neuropharmacology, Merck Research Laboratories, Boston, MA, USA, 7Department of Drug Metabolism & Pharmacokinetics,
Merck Research Laboratories, Boston, MA, USA, 8Custom Analysis Informatics, Merck Research Laboratories, West Point, PA,
USA, and 9Molecular Profiling & Guided Solutions, Merck Research Laboratories, West Point, PA, USA

Background and purpose: g-Secretase inhibitors (GSIs) block NOTCH receptor cleavage and pathway activation and have
been under clinical evaluation for the treatment of malignancies such as T-cell acute lymphoblastic leukaemia (T-ALL). The
ability of GSIs to decrease T-ALL cell viability in vitro is a slow process requiring >8 days, however, such treatment durations are
not well tolerated in vivo. Here we study GSI’s effect on tumour and normal cellular processes to optimize dosing regimens for
anti-tumour efficacy.
Experimental approach: Inhibition of the Notch pathway in mouse intestinal epithelium was used to evaluate the effect of
GSIs and guide the design of dosing regimens for xenograft models. Serum Ab40 and Notch target gene modulation in tumours
were used to evaluate the degree and duration of target inhibition. Pharmacokinetic and pharmacodynamic correlations with
biochemical, immunohistochemical and profiling data were used to demonstrate GSI mechanism of action in xenograft
tumours.
Key results: Three days of >70% Notch pathway inhibition was sufficient to provide an anti-tumour effect and was well
tolerated. GSI-induced conversion of mouse epithelial cells to a secretory lineage was time- and dose-dependent. Anti-tumour
efficacy was associated with cell cycle arrest and apoptosis that was in part due to Notch-dependent regulation of mitochon-
drial homeostasis.
Conclusions and implications: Intermittent but potent inhibition of Notch signalling is sufficient for anti-tumour efficacy in
these T-ALL models. These findings provide support for the use of GSI in Notch-dependent malignancies and that clinical
benefits may be derived from transient but potent inhibition of Notch.
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Introduction

Under normal physiological conditions, NOTCH receptors are
activated by ligand binding and subsequent proteolytic cleav-
age events (Schroeter et al., 1998). The second cleavage event,
mediated by g-secretase, releases the intracellular domain of
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NOTCH (ICN). ICN then translocates to the nucleus where it
binds to the transcription factor CSL (also called Rbpj or
CBF-1) and modulates expression of NOTCH target genes (e.g.
HES1, DTX1 and MYC) (Schroeter et al., 1998; Mumm et al.,
2000; Palomero et al., 2006; Sharma et al., 2006; Weng et al.,
2006). The ability of Notch to directly and indirectly regulate
gene expression allows it to control context-dependent cell
differentiation (Bolos et al., 2007; Krejci et al., 2009). In the
intestine, Notch signalling (primarily NOTCH1 and NOTCH2)
is known to regulate differentiation of intestinal crypt cells,
and g-secretase inhibitors (GSIs) have been shown to increase
the presence of secretory intestinal epithelial cells in mice
(van Es et al., 2005; Fre et al., 2005; Stanger et al., 2005; Zec-
chini et al., 2005, Riccio et al., 2008; Okamoto et al., 2009).

While the Notch pathway plays a critical role in normal
cell development, it is deregulated by several mechanisms in
solid tumours such as breast, lung and glioma (Pece et al.,
2004; Haruki et al., 2005; Purow et al., 2005; Palomero et al.,
2006), and in T-cell acute lymphoblastic leukaemia (T-ALL)
where 50% of patients harbour NOTCH1 activating muta-
tions (Weng et al., 2004). In T-ALL, NOTCH1 mutation status
has also been evaluated as a prognostic marker for response
to treatment (Breit et al., 2006; Zhu et al., 2006; van Grotel
et al., 2008; see Meijerink et al., 2009). NOTCH1 mutations
in the receptor heterodimerization domain induce ligand-
independent signalling, while C-terminal mutations confer
increased ICN half-life due to deletion of the PEST domain,
which normally targets the protein for ubiquitin-mediated
proteolysis (Weng et al., 2004). In T-ALL cells, it has been
shown that GSIs modulate genes that regulate a variety of
biological processes (e.g. transcription, translation, amino
acid metabolism and mitochondrial biosynthesis) associated
with cell growth (Palomero et al., 2006; Margolin et al.,
2009).

We previously demonstrated that the GSI, MRK-003, can
induce NOTCH1-mediated cell cycle arrest and apoptosis in
several human T-ALL cell lines (Lewis et al., 2007). These
results were in accord with other studies utilizing different
GSIs in both engineered mouse cell lines and human T-ALL
cell lines (Weng et al., 2003; Palomero et al., 2006; O’Neil
et al., 2007; Keersmaecker et al., 2008). We have recently
shown that T-ALL cells treated with a GSI in vitro for 2 days
showed cell cycle exit and provided a durable response when
measured on day 8 (Rao et al., 2009). Here we demonstrate
that while continuous, and near complete, pathway inhibi-
tion resulted in an anti-tumour effect, daily dosing apparently
induced an unwanted side effect, differentiation of colon pro-
liferating epithelium to secretory epithelial cells and weight
loss. This can be largely circumvented by an intermittent
dosing regimen that is both well tolerated and effective. Our
in vivo results suggest a rationale for intermittent dosing of
GSIs in ongoing clinical trials. Together these data suggest
that GSIs may be useful in treating Notch-dependent cancers
such as T-ALL and that continuous GSI treatment may not be
required to provide good anti-tumour effects. These in vivo
models also provide insight on how to maximize anti-tumour
efficacy while minimizing effects on other Notch-dependent
processes. We also provide support for the role of the Notch
pathway as an anti-apoptotic survival factor in leukaemia
cells both in vitro and in vivo.

Methods

Preclinical models of T-ALL
All animal care and experimental procedures were performed
according to protocols approved by Institutional Animal Care
and Use Committee of Merck Research Laboratories, Boston.
TALL-1, DND-41, ALL-SIL and CCRF-HSB-2 cells were cul-
tured, centrifuged, and the cells resuspended in 50% phos-
phate buffer saline (PBS) : 50% Matrigel (Fisher Scientific,
Pittsburgh, PA, USA). To develop subcutaneous xenograft
models, CD1 nu/nu mice (Charles River Laboratories, Wilm-
ington, MA, USA) were dosed with 100 mg·kg-1 of cyclophos-
phamide (Sigma, St Louis, MO, USA, #C0768-1G) i.p. 3–4 days
prior to TALL-1 cell inoculation. No cyclophosphamide treat-
ment was necessary for DND-41 tumour growth. Cells (8 ¥ 106

cells per 100 mL) were injected into the left flank subcutane-
ous space of 4–6-week-old female CD1 nu/nu or SCID-NOD
mice (Charles River Laboratories), and tumour growth was
monitored twice weekly. To develop orthotopic xenograft
models, 5 ¥ 106 cells were implanted i.p., or 2 ¥ 106 cells were
injected into the tail vein of CD1 nu/nu mice. Tumour burden
was evaluated by counting cells in peripheral fluid and blood
up to 4 months after the tumour cell implantation.

In vivo experiments
Tumour-bearing mice were randomized to dose groups (n = 10)
of equal average tumour volume. GSI in 0.5% methyl cellulose
(vehicle) was given orally using a mouse gavage feeding needle
(22-gauge). Tumour size was measured by callipers, and body
weights were recorded biweekly. Mice were killed using CO2 at
various time points after dosing, and blood was collected via
cardiac puncture and processed for plasma pharmacokinetics
and assay of plasma levels of the amyloid b peptide (Ab40).
Tumours were snap frozen in liquid nitrogen for biochemical
analysis, and tumours and duodenum were fixed in 10%
neutral buffered formalin for immunohistochemical analysis.

Measurement of Ab40

Ab40 levels in mouse plasma were measured as previously
described (Best et al., 2005; Plentz et al., 2009) with the fol-
lowing modifications. Biotinylated 4G8 antibody (Covance,
Richmond, CA, USA) was incubated at room temperature for
3 h. Plasma (50 mL) was incubated with ruthenium-labelled
G210 (Strategic Biosolutions, Newark, DE, USA) overnight at
4°C. No blocking steps were performed.

Pharmacokinetic analysis
Blood was collected via cardiac puncture, and approximately
800 mL of blood was transferred into a microvial containing
either heparin or EDTA as an anticoagulant. The blood was
then centrifuged, and plasma was collected and transferred
into a 96-well plate for pharmacokinetic analysis. The GSI
(MRK-003) concentrations in mouse plasma and tumour
lysates (as described above) were analysed by high-pressure
liquid chromatography (HPLC) using Cohesive Technologies
pump and auto-sampler (Thermo Scientific, Franklin, MA,
USA) equipped with a reversed-phase column (Atlantis C18,
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3 mm, 3 ¥ 20 mm, Waters Corp., Milford, MA, USA) and linear
water/ACN gradient (5–90% organic in 3 min) containing
0.1% formic acid at a flow rate of 850 mL·min-1. The effluent
from the HPLC column was introduced into a Sciex API 4000
triple quadrupole mass spectrometer (Thornhill, Ontario,
Canada) via the Turbo V ion source interface. Mass spectro-
metric analysis was performed in the positive ionization
mode with the ion spray voltage set at 5 kV. The precursor
[M+H]+/product ion MS/MS transitions selected to monitor
were m/z 552.1/220.7 for GSI and 535.2/344.9 for the internal
standard. The protonated molecules were fragmented by
collision-induced dissociation with nitrogen as a collision gas.
The collision energy voltage was set at 35 V and 48 V for GSI
and internal standard respectively. The data were acquired
and processed by Analyst 1.4.1 software (AB/MDS Sciex).

Immunohistochemical analysis
Formalin-fixed paraffin-embedded tissues were sectioned at
5 mm thickness. Antigen retrieval was performed using EZ
antigen retrieval 3 solution (Biogenex, San Ramon, CA, USA)
for Ki67 and activated caspase-3, and Target Retrieval Solution
(Dako Cytomation, Glostrup, Denmark) for HES1 as specified
by the manufacturer. Sections were incubated in rabbit anti-
Ki67 (1:200, clone SP6, Neomarkers, Fremont, CA, USA),
rabbit anti-activated caspase-3 (1:200, Cell Signaling Tech-
nologies, Danvers, MA, USA) or rat anti-HES1 antibody
(2 mg·mL-1, clone NM1, MBL International, Woborn, MA,
USA). Samples were incubated for 30 min with Rabbit Impress
Kit (Vector Laboratories, Burlingame, CA, USA) for Ki67, bioti-
nylated goat anti-rabbit IgG for 1 h (0.5 mg·mL-1, Jackson
ImmunoResearch Laboratories, West Grove, PA, USA) and
labelled with Vectastain Elite ABC Kit (Vector Laboratories) for
activated caspase-3, biotinylated goat anti-rat for 1 h (1:3000,
Chemicon International, Billerica, MA, USA) and TSA-HRP
Kit (Kit #21, Invitrogen) for Hes1. Cellular apoptosis was
evaluated by TUNEL staining (Apoptag peroxidase, Chemi-
con) following the manufacturer’s protocol. Periodic acid
Schiff (PAS) staining of mouse duodenum was conducted as
previously described (van Es et al., 2005). Immunostaining
was visualized with DAB Kit (Vector Laboratories) and coun-
terstained with Gills 2¥ haematoxylin.

Quantitative polymerase chain reaction (qPCR) and mRNA
microarray expression analysis
Cells or animals were treated with GSI for the times and doses
indicated. Tumour samples for RNA analysis were snap frozen
in 1 mL of Triazol (Invitrogen, Eugene, OR, USA) per 100 mg of
tissue. RNA extraction, processing and profiling experiments
are described elsewhere (Rao et al., 2009). qPCR was performed
on an ABI 7900 using DDCT protocol and inventoried Taqman
Probes/Primers for human HES1, DTX1, HES5 and ASCL1 and
GAPDH (as internal control). Analysis was performed using
SDS 2.2.2 software (Applied Biosystems, Alameda, CA, USA).
mRNA and microarray studies were conducted as previously
described (O’Neil et al., 2007). Identification of genes associ-
ated with GSI sensitivity and pathway analysis were evaluated
as follows as described by Rao et al. (2009): transcriptional
response [treated vs. dimethyl sulphoxide (DMSO) at log10

scale] for 13 T-ALL cell lines treated with GSI (0.1 and 1 mM)

was determined 3 days after exposure. The correlation coeffi-
cient between the ratio of these genes and the concentration
producing 50% growth inhibition (GI50) in these 13 cell lines
were calculated. To establish a threshold for selecting the genes
whose expression significantly correlated or anti-correlated
with the GI50, a Monte Carlo simulation was conducted. Based
on 100 times of simulation, 1421 genes that showed correla-
tion coefficients >0.4 and were selected as genes significantly
(P � 0.05) correlated with GI50 among the 13 GSI treated cell
lines. In addition, 2080 genes showed correlation coefficients
<-0.4 and were selected as genes significantly (P � 0.05) anti-
correlated with GI50 among the 13 GSI treated cell lines. These
genes were subjected to pathway analysis with Ingenuity®
software (Storey et al., 2005).

Cell culture
Human T-ALL cell lines (TALL-1, KOPTK-1, DND-41, HPB-ALL,
RPMI-8402, PF-382, CRF-CEM, HSB-2, BE-13, SUPT-11, SKW-3,
MOLT-16 and LOUCY) (Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen, Braunschweig, Germany; American
Type Culture Collection, Manassas, VA, USA) were cultured at
37°C, 5% CO2 atmosphere in RPMI-1640 media (Invitrogen)
supplemented with 10% bovine serum (FBS). Cells were treated
with GSI at different concentrations, and viability assays were
performed using the Cell Titer Glo kit (Promega, Madison, WI,
USA) 7 days after GSI addition as described (Rao et al., 2009).

Flow cytometry analysis
TALL-1 cells were grown as described above and treated with
0.1% DMSO or 1 mM of GSI for two consecutive days. Cells
were collected at days 1, 3 and 7 post treatment for flow
cytometry and biochemical analysis. After resuspension in
annexin-binding buffer, samples were treated with Alexa
Fluor 488-Annexin-V and propidium iodide (PI) according to
the manufacturer’s recommendations (Invitrogen) and
washed with annexin-binding buffer. To determine mito-
chondrial membrane potential, cells were incubated with JC1
(Reers, 1995) dye and CCCP (25 mM) simultaneously accord-
ing to the manufacturer’s recommendations (Invitrogen). At
least 10 000 events were acquired and analysed using a
FACScan flow cytometer (Becton Dickinson, San Jose, CA,
USA) and FloJo software (Tree Star, Inc., Pab Alto, CA, USA).

Isolation of the cytosolic fraction (S-100)
Mitochondria-free cytoplasm was prepared as described by
Majumder et al. (2000). Cell pellets were resuspended in lysis
buffer containing 20 mM HEPES, 10 mM KCL, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF,
10 mg·mL-1 leupeptin, 2 mg·mL-1 aprotinin and 250 mM
sucrose. Cells were homogenized using a Dounce homog-
enizer and then centrifuged at 100¥ g for 5 min. The super-
natant was collected and then centrifuged at 105 000¥ g for
30 min at 4°C. Mitochondria-free supernatant was collected,
and protein was estimated by the bicinchoninic acid (BCA)
protein assay (Pierce Biotechnology, Rockford, IL, USA).

Western blot analysis
Cells and xenograft tumour samples were collected, flash
frozen in liquid nitrogen and stored at -80°C until processed.
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Frozen samples were immersed in cold RIPA lysis buffer (0.5 M
Tris-HCl, pH 7.4, 1.5 M NaCl, 2.5% deoxycholic acid, 10%
NP-40, 10 mM EDTA) (Upstate USA, Inc., Charlottesville, VA,
USA) containing complete protease inhibitor cocktail (Roche
Diagnostics Corporation, Indianapolis, IN, USA). Tumour
samples were minced and subsequently homogenized with
the Covaris S Series sonication system (Covaris, Inc., Woburn,
MA, USA). Protein concentrations in cell and tissue lysates
were determined by the BCA Protein Assay Kit (Pierce Bio-
technology) according to the manufacturer’s instructions. All
proteins were detected by resolving proteins on Criterion
4–15% Tris-HCl SDS-PAGE (Bio-Rad Laboratories, Hercules,
CA, USA) and blotted onto nitrocellulose membranes.
Residual binding sites were blocked by 5% non-fat dry milk
and blotted with antibodies against activated caspase-3
(1:1000), cytochrome c (1:500) (Cell Signaling Technology,
Inc., Beverly, MA, USA), peroxiredoxin 5 (1:1000), NADH
dehydrogenase (ubiquinone) 1 alpha subcomplex 2
(NDUFA2; 3:1000), superoxide dismutase 2 (SOD2; 1:1000),
tubulin and b-actin (1:1000) (Abcam Inc., Cambridge, MA,
USA). Detection of protein bands was performed using Super
Signal Chemiluminescent Substrate (Pierce Biotechnology)
after incubation with the horseradish peroxidase-conjugated
secondary antibody (1:5000) (Jackson Immuno Research
Laboratories, Inc.). Densitometric analysis was performed
using Quantity One Analysis Software (Bio-Rad).

Data analysis
One-way ANOVA followed by Dunnett’s multiple comparison
test was performed to evaluate anti-tumour effects and inhi-
bition of plasma Ab40. In mRNA expression studies a Pearson
correlation coefficient was generated from the GSI-induced
GI50 value of each cell line versus average log10 ratio expres-
sion of 10 NOTCH target genes using PRISM software.

Results

Continuous daily administration of the GSI was not
well tolerated
To determine anti-tumour activity of the GSI in vivo, we gen-
erated mouse models of T-ALL and identified tolerated and
efficacious doses of GSI. Four GSI-sensitive cell lines were
evaluated for growth as orthotopic and subcutaneous
xenografts; however, TALL-1 and DND-41 were the only cell
lines to provide viable models, and only when grown subcu-
taneously in mice (data not shown). Daily administration of
GSI in DND-41 tumour-bearing mice revealed that a non-
efficacious dose (50 mg·kg-1) was tolerated whereas higher
doses were not tolerated over the 7 days as shown by the loss
of body weight (Figure 1, n = 10, and Table 1).

Intermittent dosing of GSI was tolerated and effective in
xenograft models of T-ALL
Notch signalling controls the fate of intestinal progenitor
cells; however, details of the recovery of tissue from the effects
of GSI had not been explored (Milano et al., 2004; Fre et al.,
2005; Sjolund et al., 2008). Our recent findings in a transgenic
mouse model of leukaemia demonstrated that weight loss is

also associated with continuous oral administration of GSI
(Cullion et al., 2009). To identify several rational dosing regi-
mens that might balance anti-tumour activity with effects on
other cell types, we determined the kinetics of intestinal cell
differentiation as measured by staining with PAS and cell
proliferation as measured by Ki67, following three oral daily
doses of GSI. Little effect on these differentiation markers was
observed 8 h after the last dose at all doses tested, indicating
the conversion to a secretory lineage is a slow process requir-
ing at least 3 days (Figure 2A,B, n = 5, and Figure S1). After this
period, induction and recovery of PAS positive cells was dose-
and time-dependent. PAS staining from three consecutive
100 mg·kg-1 daily doses peaked 2 days after the last dose and
returned rapidly towards baseline 2 days thereafter, while the
200 mg·kg-1 and 500 mg·kg-1 doses required 8 and 12 day
recovery respectively (Figure 2B and Figure S1, n = 5). Along
with the induction and recovery of intestinal cell differentia-
tion, similar effects on cell proliferation were also observed
(Figure S1, n = 5).

The kinetics of intestinal recovery led us to compare effi-
cacy and tolerability of our GSI in vivo using four different
dosing schedules (daily, once weekly, thrice weekly or
biweekly) in mice bearing DND-41 and/or TALL-1 xenografts
(Table 1). Successful regimens induced tumour stasis or regres-
sion and were well tolerated (>10% body weight loss). While
continuous daily dosing in non-tumour-bearing mice was not
tolerated, intermittent administration of 100 mg·kg-1 dosed
thrice times a week or 300 mg·kg-1 once a week was found to
be tolerated and effective (Figure 2C–F n = 10 and Table 1).
Impressively, in the TALL-1 model, four cycles of 300 mg·kg-1

once weekly resulted in complete tumour regression with no
gross or histological evidence of recurrent tumours at end of
study, which was 3 months after the last dose of GSI
(Figure 2D, n = 10 and data not shown). Tumour regression
required weekly administration of the 300 mg·kg-1 dose as
administration every 2 weeks (biweekly) provided only
tumour growth inhibition (Table 1 and data not shown).

Figure 1 Daily administration of g-secretase inhibitor (GSI) was not
tolerated at effective concentrations. (A) DND-41 cells were
implanted subcutaneously in female CD1 nu/nu mice. Tumour-
bearing mice were randomized into various groups of equal average
tumour volume (~200 mm3). Different doses of GSI (50 and
100 mg·kg-1) or vehicle (0.5% methyl cellulose) were given orally
once daily as indicated. Tumour size was measured (see Methods) and
recorded biweekly. (B) Body weight of mice treated with GSI or
vehicle were measured biweekly.
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Inhibiting g-secretase 3 days a week is sufficient to achieve an
anti-tumour effect
To understand the degree and duration of the target inhibi-
tion associated with anti-tumour effects, we evaluated
the pharmacokinetic and pharmacodynamic markers of
g-secretase activity, NOTCH1 target gene response in tumour
and plasma Ab40 after GSI treatment (Steiner et al., 1999). An
effective single dose of GSI completely suppressed plasma Ab40

in CD1-nude mice for 3 days indicating that complete target
inhibition was achieved for at least 3 days (Figure 3A, n = 4).
We also explored the response of plasma Ab40 inhibition in
APP-YAC mice that overexpress APP and thus have elevated
levels of Ab40 (Lamb et al., 1993). Plasma pharmacokinetics
was similar in both mouse models (Figure S2, n = 4 and data
not shown). In the APP-YAC model, a non-effective single
dose of GSI (75 mg·kg-1) resulted in ~70% decrease in plasma
Ab40 protein for 1 day while an effective single dose
(300 mg·kg-1) caused >70% inhibition of Ab40 for 3 days
(Figure 3B, n = 4). Together, these results indicate 3 days of
>70% target inhibition was required for anti-tumour activity.
This level of target inhibition could be achieved by dosing
100 mg·kg-1 once daily for three consecutive days or a single
300 mg·kg-1 dose. Plasma Ab40 response mirrored pharmaco-
kinetic and target engagement in tumours as measured by the
protein level of HES1 (Figure 3C upper panel and data not
shown, n = 4) and supported by down-regulation of NOTCH1
target genes HES1, HES5, DTX1 and up-regulation of ASCL1
(Figure 3C lower panel, n = 4).

Inhibition of Notch signalling by GSI is associated with the
induction of apoptosis in vivo
To determine if intermittent Notch pathway modulation by
GSI treatment leads to a direct effect on tumour cell survival,
we stained tumours for markers of cell proliferation (Ki67)
and apoptosis (TUNEL, cleaved caspase-3). GSI decreased cell
proliferation and increased apoptosis (Figure 3D, n = 4).
In vivo effects are apparently enhanced by repeated dosing as
a more dramatic decrease in Ki67 staining and an increase in
apoptosis (TUNEL) were observed following 3 weeks of inter-
mittent GSI treatment (Figure 3D, n = 4) compared with a
single dosing cycle (Figure S3, n = 4). In order to determine

the degree of apoptosis associated with sub-effective
(50 mg·kg-1), effective (100 mg·kg-1) and non-tolerated
(150 mg·kg-1) doses, TALL-1 tumour-bearing mice were
treated with GSI for three consecutive days and the degree of
caspase-3 activation was measured in tumours 4 h after the
last dose. Western blot showed an increase in caspase activa-
tion in tumours from mice treated with the effective
100 mg·kg-1 dose compared with the non-effective 50 mg·kg-1

dose; however, no additional increase was observed between
100 mg·kg-1 and 150 mg·kg-1 (Figure 4, n = 4). These results
demonstrated that GSI induced apoptosis in vivo and was
associated with anti-tumour activity (Figure 4 and Table 1).

GSI altered mitochondrial transmembrane potential and
induced apoptosis
Apoptosis can be triggered by many cellular cascades, one of
which is activation of the mitochondrial cascades in cell death
machinery (Letai, 2008). To investigate the role of the mito-
chondria in GSI-mediated apoptosis and activation of
caspase-3 in T-ALL xenograft models, we conducted several in
vitro studies. We used TALL-1 (NOTCH1 wild type) cells as their
sensitivity to the we used GSI was similar to that of DND-41
cells (NOTCH1 mutated) in vivo (Figure 2C,D) and in vitro (0.11
and 0.25 mM in IC50 respectively). TALL-1 cells also displayed
similar basal Notch pathway activity to DND-41 (Rao et al.,
2009) and undergo GSI-induced cell cycle arrest and apoptosis
as previously shown for DND-41 (Lewis et al., 2007). TALL-1
cells were treated with GSI (1 mM) or DMSO for two consecu-
tive days and analysed 1, 3 or 7 days post treatment. We
determined the effect of GSI on mitochondrial membrane
potential as an important step towards cellular apoptosis. Here,
we used JC1 dye to quantitate the mitochondrial membrane
permeability in TALL-1 cells (Smiley et al., 1991). The eightfold
increase in JC1 staining at day 7 demonstrated that treatment
with the GSI did alter mitochondrial membrane permeability
(Figure 5A). We then measured further the consequence of
mitochondrial membrane permeability via cytosolic cyto-
chrome c, one of the apoptotic signals upstream of caspase-3.
GSI induced the release of mitochondrial cytochrome c to the
cytosol following 3 days of GSI treatment, and it was further
increased by day 7 (Figure 5B). A concomitant ninefold

Table 1 Summary of xenograft efficacy and tolerability

Dosing cycle Dose (mg·kg-1) DND-41 xenograft
anti-tumour effect*

TALL-1 xenograft anti-tumour
effect*

Tolerated**
�21 days

Daily 50 No N/A Yes
100 Yes N/A No

Thrice weekly (3 days on/4 days off) 50 No No Yes
75 No No Yes

100 Yes Yes Yes
200 Yes N/A No

Once a week 100 N/A No Yes
200 N/A No Yes
300 N/A Yes Yes
500 N/A N/A No

Bimonthly 300 N/A Yes Yes

*Anti-tumour effect: significant difference of tumour volume in GSI-treated mice as compared with controls (P < 0.05).
**Tolerability: loss of body weight (�10%) was used as indicators.
N/A, not applicable.
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Figure 2 Intermittent dosing of g-secretase inhibitor (GSI) was effective in T-cell acute lymphoblastic leukaemia (T-ALL) xenograft models. (A)
Secretory epithelial cells (dark pink) in the mouse intestine were visualized by periodic acid Schiff (PAS) staining following treatment with either
vehicle (Veh) or GSI. Upper panel shows response to vehicle; middle and lower panels show intestine from GSI-treated mice (100 mg·kg-1)
treated with three daily doses followed by 2 or 8 days of no treatment. Scale bar, 100 mm. (B) The intensity of PAS staining was scored manually
in different dose groups and plotted against time as indicated. (C and D) Mice with subcutaneous T-ALL tumour xenografts were treated with
two different GSI doses on two different schedules. Using the GSI at 100 mg·kg-1, with a 3 days on/4 days off dosing schedule (three times
a week) caused significant (P < 0.05) anti-tumour effects as measured by tumour volume in DND-41 (C) and TALL-1 xenografts (D). GSI caused
tumour regression in the TALL-1 xenografts when given once a week at 300 mg·kg-1 (D). Body weight (mean � SEM) of DND-41 (E) and
TALL-1 (F) xenograft tumour-bearing mice were measured twice a week during GSI treatment and plotted against time as indicated.
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increase in the apoptosis marker Annexin-V was also observed
(Figure S4) in agreement with previous findings (Lewis et al.,
2007). These results provide support that the GSI-induced
apoptosis observed in these T-ALL cells occurred via the mito-
chondrial death machinery.

Mitochondrial dysfunction genes were down-regulated by GSI
To explore the cellular processes associated with the effects of
the GSI, we conducted transcriptional profiling of human

T-ALL cells treated with either GSI or DMSO and performed an
unsupervised analysis of mRNA profiles from 13 T-ALL cell
lines using Ingenuity® software (submitted in the GEO
database, accession number # GSE8416). Genes that were
up-regulated upon GSI treatment and correlated with GSI
sensitivity included those involved in promoting apoptosis
and PPARa signalling (Figure 6A left panel). Strikingly, down-
regulated genes were primarily associated with mitochondrial
dysfunction and included enzymes associated with the
mitochondrial respiratory chain (Figure 6A right panel).

Vehicle GSI 0.17 day GSI 1 day

GSI 7 daysGSI 4 daysGSI 3 days

Figure 3 g-Secretase inhibitor (GSI) inhibited Notch signalling, decreased tumour cell proliferation and induced apoptosis in T-cell acute
lymphoblastic leukaemia (T-ALL) xenograft models. (A) Mice with TALL-1 xenograft tumours were treated with a single dose of GSI at
300 mg·kg-1; (B) APP-YAC mice were treated with either vehicle (0.5% methyl cellulose) or GSI at 75 mg·kg-1 and 300 mg·kg-1 doses. (A,B)
Plasma Ab40 levels were measured as a surrogate for inhibition of g-secretase at 0 h (vehicle), 4 h, 1 day, 3 days, 4 days and 7 days after treatment.
Serum was isolated and Ab40 level was determined. Percent of Ab40 remaining in GSI treated mice compared with vehicle treated mice. (C) TALL-1
tumour sections were stained with anti-HES1 antibody at 4 h, 1 day, 3 days, 4 days and 7 days post dose of GSI at 300 mg·kg-1. Scale bar, 50 mm.
TALL-1 xenograft tumours were harvested 4 h after receiving a dose of GSI at 300 mg·kg-1 (lower panel). Notch pathway activity was determined
by the expression of DTX1, HES5, HES1 and ASCL1 by quantitative polymerase chain reaction analysis. (D) Mice with TALL-1 xenografts were
treated with either vehicle (0.5% methyl cellulose) or GSI at 100 mg·kg-1 thrice weekly for 3 weeks. Tumours were harvested 4 h after the third
dose in week 3, dissected and stained with TUNEL, or with antibodies against Ki67 and activated caspase-3. Scale bar, 50 mm.

Anti-tumour effects of GSI in xenograft model
J Tammam et al 1189

British Journal of Pharmacology (2009) 158 1183–1195



Down-regulation of these mitochondrial genes correlated
with GSI sensitivity as measured by growth inhibition
(Figure 6B left panel) and with NOTCH target gene response
(Figure 6B right panel). The NOTCH1 target gene MYC
(Sharma et al., 2006; Weng et al., 2006) has recently been
shown to regulate mitochondrial biogenesis by directly tar-
geting mitochondrial genes (Kim et al., 2008), including those
shown in Figure 6A right panel. The ability of MYC to bind
these mitochondrial genes is further demonstrated in T-ALL
cells (Margolin et al., 2009). In agreement with these findings,
we observe that down-regulation of MYC is tightly correlated
(P < 0.001) with down-regulation of mitochondrial dysfunc-
tion genes in human T-ALL cell lines (Figure S5 and Table S1).

To determine whether this effect of GSI was NOTCH1-
dependent, we profiled DND-41 and KOPTK-1 cells expressing

Figure 4 An effective dose of g-secretase inhibitor (GSI) increased
apoptosis as measured by activated caspase-3. Mice bearing TALL-1
tumour xenografts were treated with three consecutive daily doses of
either vehicle (Veh), 50, 100 or 150 mg·kg-1 of GSI. Mice were killed
4 h after the last dose, and tumours were collected. Activation of
caspase-3 was measured by Western blot analysis in tumour lysates
and band intensity measured by densitometric analysis.

Figure 5 g-Secretase inhibitor (GSI) altered mitochondrial transmembrane potential (DYm) and facilitated cytochrome c release in TALL-1
cells. Cells were treated with either dimethyl sulphoxide (DMSO) or 1 mM GSI for 2 days and harvested on days 1, 3 and 7 after the last addition
of drug. (A) Cells treated with GSI or DMSO were stained with JC1 dye and analysed by flow cytometry. (B) Cytosol without mitochondria
(S-100 fraction) was prepared from cells treated with either DMSO or 1 mM of GSI, and immunoblot analysis was performed using antibodies
against cytochrome c and b-actin. Lower panel, ratio of cytochrome c to b-actin was determined by densitometric analysis.

�
Figure 6 NOTCH-dependent inhibition of mitochondrial dysfunction genes by g-secretase inhibitor (GSI). RNA profiling from 13 human T-cell
acute lymphoblastic leukaemia (T-ALL) cells treated with either dimethyl sulphoxide (DMSO) or GSI at 0.1 or 1 mM for 3 days. (A) Unsupervised
profiling analysis: genes with log10 expression ratios that correlated (P � 0.05) with GSI sensitivity following GSI treatment were analysed for
pathway association (left panel). Down-regulated genes associated with mitochondrial dysfunction are shown (right panel). (B) Correlation
between GSI-induced mitochondrial gene response (average of genes shown in A) versus GI50 for each cell line indicated. Blue and red symbols
represent gene response derived from 3 day treatment with 0.1 and 1 mM GSI respectively. Correlation of GSI-induced mitochondrial gene
response (log10 ratio average of genes shown in A) versus GSI-induced change in NOTCH1 target genes (log10 ratio average of 10 NOTCH1
target genes: HES1, HES4, HES5, HEYL, HEY2, DTX1, MYC, NRARP, PTCRA, SHQ1) (left panel). Blue and red symbols represent gene response
derived from 3 day treatment with 0.1 and 1 mM GSI respectively. The cell line Loucy is indicated by the abbreviation L; MOLT-16 by M; SKW-3
by SW; SUPT-11 by S; BE-13 by B; HSB-2 by HS; CCRF-CEM by C; PF-382 by P; RPMI-8402 by R; HPB-ALL by H; DND-41 by D; KOPTK-1 by
K and TALL-1 by T. (C) DND-41 cells containing vector (MigR1) or NOTCH intracellular domain (ICN) were treated with either DMSO or GSI
at 1 mM for 3 days. Average score of NOTCH1 target genes and mitochondrial genes are shown. (D) TALL-1 cells were treated with either
DMSO or GSI for three consecutive days and harvested at 6, 24 and 48 h after the last dose. Proteins were blotted with antibodies against
peroxiredoxin 5 (PRDX5) and NDUFA2. Tubulin was used as loading control. The densitometric ratios of TALL-1 cells treated with DMSO (grey
bar) or GSI (black bar) were calculated. Mice were treated with either vehicle (0.5% methyl cellulose) or GSI at 75 and 100 mg·kg-1 three times
a week for 3 weeks (right panel). Mice were killed, tumours were harvested 4 h after the final dose, and superoxide dismutase 2 (SOD2) and
NDUFA2 were measured by immunoblot analysis. b-Actin was used for loading control.
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either vector (MigR1) or the active form of the NOTCH1
receptor (ICN) after GSI treatment. These data demonstrate
that the effects of GSI on NOTCH1 target genes and mito-
chondrial genes can be rescued by the overexpression of ICN
(Figure 6C and Figure S6). The down-regulation of mitochon-
drial gene expression (PRDX5 and NDUFA2) was also con-
firmed at the protein level in TALL-1 cells (Figure 6D left and
middle panels). In order to validate GSI’s effect on these
mitochondrial genes in vivo, we analysed the level of SOD2
and NDUFA2 in TALL-1 xenograft tumours treated with a
sub-effective (75 mg·kg-1) and effective (100 mg·kg-1) dose of
GSI. Only the effective dose decreased the level of these two
proteins involved in the mitochondrial respiratory process
(Figure 6D right panel, n = 3). These data provide understand-
ing of the processes associated with GSI-induced cell death
whereby GSI-mediated inhibition of Notch pathway signal-
ling initiates the apoptotic pathway both in vitro and in vivo,
which is associated with the down-regulation of mitochon-
drial genes

Discussion

The discovery and use of targeted anticancer agents such as
Gleevec, Herceptin and Tarceva have transformed the field of
clinical oncology. However, as cancers utilize a number of
survival pathways, the need to develop additional targeted
agents remains urgent. The Notch pathway is a particularly
promising target, its role in a variety of cancers has been well
elucidated, and components of the signalling cascade are well
characterized. It must be considered however that the Notch
pathway plays a central role in the differentiation of many
cell types and while several points of intervention may exist,
it will be essential to design treatment protocols that mini-
mize potential on-target side effects while maximizing
on-target anti-cancer effects in Notch-dependent cancers such
as T-ALL.

The sensitivity of human T-ALL cells to inhibition of the
Notch pathway in vitro has been previously demonstrated
(Weng et al., 2004; Lewis et al., 2007; Keersmaecker et al.,
2008). Our in vivo results demonstrate that intermittent (3
days per week) and potent (>70%) inhibition of Notch signal-
ling can induce anti-tumour effects and result in complete
tumour regression. Tumour regression was also achieved
using once weekly administration of the highest tolerated
dose of GSI. However, tumour regression was not observed
when the same total dose was distributed over the first 3 days
of a weekly cycle. This suggests that better efficacy may be
observed using potent intermittent doses. It is interesting to
note that similar findings with high-dose administration have
been observed with the targeted agent Dasatinib where pul-
satile but potent inhibition of BCR-ABL was sufficient to
induce apoptosis in CML cells (Shah et al., 2008b) and a daily
high dose (100 mg) was as effective and better tolerated than
conventional twice daily dosing (70 mg) (Shah et al., 2008a).
In addition the anti-tumour activity achieved by dosing every
2 weeks in the most GSI-sensitive model (TALL-1) may benefit
certain patient populations or combinations.

The anti-tumour effects observed in these models are at
least in part due to cell cycle arrest and apoptosis of T-ALL

cells. While we and others have previously demonstrated that
GSI can induce apoptosis in T-ALL cell lines (Weng et al.,
2003; 2004; Lewis et al., 2007; O’Neil et al., 2007; Keers-
maecker et al., 2008) that can be rescued by ICN overexpres-
sion (Lewis et al., 2007), here we expand our understanding of
this process to demonstrate that the cell death observed in the
cell lines occurs through mitochondria-dependent apoptosis.
Our data support a model in which g-secretase inhibition
initiates apoptosis by altering Notch pathway activity and
mitochondrial transmembrane potential, which subsequently
causes the release of cytochrome c into the cytoplasm and
thereby activates the caspase cascade. Our observations also
have important implications in understanding the mecha-
nisms of resistance to GSI therapy in cancer, as increasing
mitochondrial membrane potential via up-regulation of
members of the BCL2 family is a common mode of tumour
resistance (Reed, 2002; Youle and Strasser, 2008). Additional
studies are needed to explore the difference between cell cycle
arrest and apoptosis in other T-ALL models as induction of
apoptosis has not been observed in all T-ALL cell lines.

Given that NOTCH directly regulates MYC (Sharma et al.,
2006; Weng et al., 2006) and MYC binds to mitochondrial
genes (Kim et al., 2008), it is likely that the mitochondria-
dependent process is regulated by NOTCH through MYC.
These data are supported by the ability of ICN to up-regulate
MYC and mitochondrial dysfunction genes in T-ALL cells.
The down-regulation of genes associated with mitochondrial
dysfunction clearly suggests a role for Notch signalling within
the mitochondria. These findings are supported by preclinical
studies in Drosophila melanogaster where NOTCH1 mutations
effected several mitochondrial enzyme activities in a dose-
dependent manner (Thorig et al., 1981; de la Pena et al.,
2001). They are further supported by findings in patients with
Alzheimer’s disease where mutation of PSEN1 and PSEN2
(critical components of active g–secretase) have also been
associated with mitochondrial dysfunction (Lin and Beal,
2006).

In addition to identifying optimal dosing regimens, it will
be important to identify Notch-dependent tumours, resis-
tance mechanisms and rational combinations. Such combi-
nations may include the use of PI3K pathway inhibitors, as
PTEN mutations are known to diminish response to GSIs (Real
et al., 2008) and the effects of GSIs shown to be enhanced by
mTOR inhibitors (Chan et al., 2007; Cullion et al., 2009).
Treatment of Notch-dependent cancers may be further
enhanced by co-administration of GSIs with glucocorticoids,
which have recently been shown to overcome glucocorticoid
resistance of T-ALL cells and mitigate GSI-induced differentia-
tion of intestinal epithelial cells (Real et al., 2008). GSI may
also enhance the effect of other chemotherapeutic agents;
however, consideration will need to be given in selection of
cell type and agents (DeKeersmaecker et al., 2008; Liu et al.,
2008). Given that GSIs induce cell cycle arrest and apoptosis,
the sequence of addition may also need to be considered
when being combined with other therapeutic agents.

In conclusion, we have shown that NOTCH-dependent
regulation of mitochondrial proteins is associated with mito-
chondrial dysfunction and apoptosis. Our results on the
kinetics of GSI-induced differentiation of intestinal epithe-
lium provide a new and potentially useful guide to designing
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intermittent but potent dosing regimens for agents, which
inhibit other developmental pathways such as Wnt and
Smoothened. The successful use of GSIs is particularly desir-
able as they affect all four NOTCH receptors and NOTCH-
dependent tumour cells, tumour vessel development (Gridley,
2007) and potentially cancer-initiating cells (Farnie and
Clarke, 2007).
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 Inhibition of Notch signalling by g-secretase
inhibitor (GSI) increases differentiation and decreases prolif-
eration of intestinal epithelial cells in mice. Mice were treated
with either vehicle (0.5% methyl cellulose) or GSI at 100, 200
and 500 mg·kg-1 once daily for three consecutive days. Intes-
tines were harvested at indicated times ranging from 8 h to 12
days following the last dose, differentiation of intestinal pro-
liferating cells was detected by periodic acid Schiff (PAS) stain-
ing, and proliferation was visualized by Ki67 staining. Scale
bar, 150 mm.
Figure S2 Similar pharmacokinetics exposure in plasma and
tumour after g-secretase inhibitor (GSI) treatment. Mice with
TALL-1 xenograft tumours were treated with a single dose of
GSI at 300 mg·kg-1; Plasma and tumour drug concentrations
were measured at 0 h (vehicle), 4 h, 1 day, 3 days, 4 days and
7 days post treatment.
Figure S3 Prolonged effect on proliferation and apoptosis in
TALL-1 xenografts after a single dose of g-secretase inhibitor
(GSI). TALL-1 xenograft mice were treated once with GSI at
300 mg·kg-1, and tumours were harvested after 1 and 7 days.
Tumour sections were stained with H&E, Ki67, activated
caspase-3 and TUNEL. Scale bar, 50 mm.
Figure S4 g-Secretase inhibitor (GSI) induces apoptosis
TALL-1 cells. Cells were treated with either dimethyl sulphox-
ide (DMSO) or 1 mM GSI for 2 days and harvested on days 1,
3 and 7 after the last addition of drug treatment. Cells were
stained with Alexa Fluor 488-Annexin-V and propidium
iodide and then analysed by flow cytometry. Data showed GSI
induced apoptosis as compared with DMSO. The data shown
are representative of two independent experiments with
similar results.
Figure S5 g-Secretase inhibitor (GSI)-induced down-
regulation of MYC is tightly associated with the mitochon-
drial dysfunction gene in T-cell acute lymphoblastic
leukaemia (T-ALL) cells. Correlation of GSI-induced mito-
chondrial gene response (log10 ratio average of genes) versus
GSI-induced change in MYC gene (log10 ratio). Blue and red
symbols represent gene response derived from 3 day treat-
ment with 0.1 and 1 mM GSI respectively. The abbreviation of
cell line Loucy is indicated by L, MOLT-16 by M; SKW-3 by
SW; SUPT-11 by S; BE-13 by B; HSB-2 by HS; CCRF-CEM by C;
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PF-382 by P; RPMI-8402 by R; HPB-ALL by H; DND-41 by D;
KOPTK-1 by K and TALL-1 by T.
Figure S6 NOTCH1 intracellular domain (ICN) rescues
NOTCH1 target genes and genes associated with mitochon-
drial dysfunction from the effects of g-secretase inhibitor
(GSI). (A) DND-41 and (B) KOPTK-1 cells expressing empty
vector (MigR1) or ICN were treated with either dimethyl sul-
phoxide (DMSO) or GSI at 1 mM for 3 days. RNA was isolated
and gene expression profiling performed. Alterations in genes
associated with NOTCH1 and mitochondrial dysfunction
after GSI treatment are plotted against DMSO controls.

Table 1 Summary of g-secretase inhibitor (GSI) sensitivity
and effect on NOTCH target, MYC and mitochondrial dys-
function genes in T-cell acute lymphoblastic leukaemia
(T-ALL) cells.
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